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INTRODUCTION

Several archaeal, eubacterial and eucaryotic genes have been
identified with in-frame insertions that are excised at the protein
level, not at the RNA level (1-13, 24, reviewed in 14 -21).
This process is termed protein splicing. Initially, a single
precursor polypeptide is synthesized. The intervening protein
sequence is then excised from within the precursor, and the
flanking protein sequences are joined. Thus, protein splicing
results in the production of two proteins from a single primary
translation product, the internal protein and the protein formed
by the joining of the external sequences. The removal of the
internal segment, concomitant with the formation of a normal
peptide bond joining the external polypeptide sequences,
distinguishes protein splicing from simple autoproteolysis (2).
The rapid production of the mature products suggests that protein
splicing is very efficient. The protein precursor rarely
accumulates, even when the native gene is expressed in
heterologous systems, both in vivo and in vitro (1-12). Evidence
to date suggests that protein splicing is autocatalytic.

DEFINITIONS
A uniform nomenclature for the elements involved in this process
is needed. The nomenclature suggested here is patterned after
that of introns and RNA splicing (21,22). Accordingly, we
propose calling the process protein splicing and the primary
translation product, the precursor protein (Figure 1). We suggest
calling the ligated product the mature protein, the ligated
protein, or the spliced protein. We suggest calling the internal
protein sequence, the intein, derived from internal protein
sequence. We propose that the external protein sequences in the
precursor be called exteins.
An intein is defined as a protein sequence embedded in-frame

within a precursor protein sequence that is spliced out during
maturation. Intein refers to the intervening sequence both when

it is part of the precursor and after it has been liberated by splicing
(Figure 1). The spliced intein should be referred to as the free
intein to distinguish it from the fused intein present in the
precursor. An intein is analogous to an RNA intron. This
nomenclature should replace that used in previous publications,
where inteins have been referred to as 'spacers', 'protein introns',
'protein inserts' or 'intervening protein sequences (IVS and
IVPS)'.
The protein sequences that flank the intein, and that are ligated

to form the mature product, are defined as the exteins. Exteins
are analogous to RNA exons. This nomenclature should replace
that used in previous publications, where exteins were called
'external protein sequences' or 'EPSs'.
We further suggest that the full intein name should include both

a genus and species designation (which can be abbreviated with
the standard 3 letter genus/species convention) and a host gene
designation. For example, the S. cerevisiae VM4 intein would be
called, 'Sce VMA intein' (Table 1). If a protein contains more
than one intein, they should be numbered sequentially beginning
at the N-terminus of the precursor (Figure 1). Thus, the first intein
should be designated intein-1 and the second, intein-2, etc.
Exteins can be numbered extein-1, extein-2, extein-3, etc.,
beginning at the N-terminus of the precursor. Alternatively, the
extein on the N-terminal side of any intein can be referred to
as the upstream extein, N-terminal extein or N-extein and the
extein on the C-terminal side of the intein can be referred to as
the downstream extein, C-terminal extein, or C-extein.

Finally, we suggest that the nucleotide sequence which encodes
the intein portion of the precursor gene or RNA be called the
intein coding sequence. The name of the mature product should
be used for the entire gene encoding inteins and exteins. For
example, the M. tuberculosis recA gene encodes the RecA
precursor protein, the mature RecA protein and the Mtu recA
intein.
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Figure 1. Protein splicing results in the production of two or more proteins from
a single precursor protein. Protein splicing requires the precise excision of the
intein(s) and the ligation of the exteins to form the mature product and the free
intein(s). In the example depicted, two inteins are present in a single precursor
protein. If multiple inteins are present in a single precursor, they should be
numbered sequentially beginning at the N-terminus. If endonuclease activity has
been demonstrated, the inteins should also be named according to protein splicing
endonuclease naming conventions (prefix, PI-, G representing the genus, sp
representing the species, and I and II corresponding to the order of discovery
of endonuclease activity).

Table 1. Properties of characterized inteins

New Name Old Name(s) Endonuclease References

Sce VMA intein Spacer/VDE PI-SceI 5,6,8,11
Mtu recA intein Spacer 3, 4
Tli pol intein-l Tli IVPS1 PI-ThII 2, 10
Tli pol intein-2 71i IVPS2 PI-hII 2, 10
Ctr VMA intein Spacer 7
Psp pol intein Psp IVPSI PI-PspI 13
Mle recA intein Protein intron 24

Intein names should include an organism (3 letter genus/species abbreviation)
and gene designation. If multiple inteins are present in a gene, inteins should
be numbered in order of occurrence in the precursor protein, beginning at the
N-terminus.

CHARACTERIZED INTEINS
A total of seven inteins have been identified in the following
proteins: (a) the 69 kDa subunit of the vacuolar ATPase from
Saccharomyces cerevisiae (1,2,5,6,8,9,11) and Candida
tropicalis (7), (b) RecA from Mycobacterium tuberculosis (3,4)
and Mycobacterium leprae (24 and D. Smith, Collaborative
Research, personal communication), and (c) DNA polymerases
from the archaeon Thermococcus litoralis (2 inteins, 10,12) and
Pyrococcus species strain GB-D (1 intein, 13 and Perler, et al.,
in preparation). In each case, an in-frame intein must be precisely
removed from the protein precursor and the exteins joined to
produce the active, mature protein. Table 1 lists the proposed
names for each of these inteins.
M.leprae and M.tuberculosis RecA precursor proteins each

have a single, unrelated intein present at different positions that
are 46 amino acids apart in the uninterrupted RecA protein.
T. litoralis DNA polymerase precursor has two unrelated inteins
separated by 49 amino acids. The Psp pol intein is similar to
the Tli pol intein-1 and is located at the same position within the
DNA polymerase precursor. The two yeast ATPase precursors
also have similar inteins located at the same position within the

precursor. In many of the above cases, alleles without inteins
have been found in isolates of the same or similar species,
suggesting the possibility of lateral transmission (2,4,5,19-20,24
and Perler et al., in preparation).

INTEINS AND HOMING ENDONUCLEASES

All of the known inteins have sequence similarity to homing
endonucleases (reviewed in 14,15,17-20,22-23), but not all
of them have been tested for endonuclease activity. Once
endonuclease activity has been established, intein-derived
endonucleases should be named according to the standard homing
endonuclease nomenclature conventions, but preceded by the
prefix 'PI-' (Protein Insert (19) or Protein Intervening sequence)
instead of the intron homing endonuclease prefix, 'I-' (22).
Endonucleases are named by using the first letter of the genus
followed by a 2 letter species abbreviation. Intein-derived
endonucleases should be named as above and numbered in order
of discovery. However, intein homing endonucleases should be
numbered independently from RNA-derived homing
endonuclease. To avoid confusion in naming successive
endonucleases from the same organism, we suggest that new
intein homing endonucleases be submitted to Dr Francine Perler
who will keep a registry of intein homing endonuclease names.
Thus, the product of the Psp pol intein is called PI-PspI.

Similarly, the product of the Sce VA4 intein (formerly called
'VDE' for VMA1-derived endonuclease) is now called PI-Scel
(19,20). The prefix 'PI-' is used to distinguish homing
endonucleases derived from protein splicing elements from
homing endonucleases derived from introns, and does not imply
any differences in endonuclease function or properties. Otherwise,
terms used for intron-derived homing endonucleases should also
be used for homing endonucleases generated by protein splicing
(20,22). Inteins should not be given endonuclease names until
activity has been demonstrated since inteins that lack endonuclease
activity may be discovered. The endonuclease name, such as PI-
PspI, may be used to refer to the free endonuclease or to the
endonuclease sequence embedded in the precursor protein.
Endonucleases PI-Thu and PI-PspI, encoded by the intein

alleles Tli pol intein-l and Psp pol intein, respectively, are
isoschizomers, cleaving the same DNA sequences (Perler et al.,
in preparation). In the case of T.litoralis DNA polymerase, which
is the only precursor with two inteins identified to date,
endonuclease activity was first demonstrated for Tli pol intein-2
and only much later for Tli pol intein-1, resulting in Tli pol
intein-l encoding PI-TiU and Tli pol intein-2 encoding PI-77iI.
This type of inconsistent numbering is inevitable, given that the
order of inteins in a gene need not necessarily parallel the order
of discovery of their endonuclease activity in that gene, let alone
in that species.

INTEIN MOBILITY

The homing endonucleases found in many self-splicing introns
have been shown to mediate intron mobility (19-22). Likewise,
the S.cerevisiae intein has also been shown to be mobile (5).
Therefore, as in the case of self-splicing introns, inheritance of
inteins can be either horizontal (i.e., transmission by gene
mobilization and insertion) or vertical (i.e., normal chromosomal
transmission). Intein mobility, however, suggests that inteins
found in the same location in different organisms are likely to
be isoschizomers, as in the case of PI-PspI and PI-T7M.

m ME:=]



Nucleic Acids Research, 1994, Vol. 22, No. 7 1127

In accordance with the homing intron nomenclature (22), the 20. Mueller, J.E., Bryk, M., Loizos, N. and Belfort, M. (1994), Nucleases,
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intein is inserted. The intein insertion site is the junction of the 22. Dujon, B., Belfort, M., Butow, R.A., Jacq, C., Lemieux, C., Perlman,
extein coding sequences in alleles lacking inteins. Intein homing P.S. and Vogt, V.M. (1989) Gene, 82, 115-118.
is the acquisition of an intein coding sequence at a specific site 23. Heitman, J. (1993), Genetic Engineering, Plenum Press, New York. pp.
in a gene. 57-108.24. Davis, E.O., Thangaraj, H.S., Brooks, P.C., and Colston, M.J. (1994)

EMBO.J. 13,699-703

PROTEIN SPLICING IN FOREIGN CONTEXTS

The intein plus the first residue of the downstream extein are
sufficient for protein splicing when cloned into foreign or target
proteins (2, 4, 13). However, splicing of inteins in foreign
contexts is sometimes less efficient than in the native protein,
resulting in cleavage at single splice junctions or the excision
of an intein in the absence of ligation of the exteins. Excision
refers to the production of free intein from a precursor and can
be independent of the production of the mature protein, whereas
protein splicing refers to the excision of the intein coupled with
ligation of the exteins. Cleavage refers to the breakage of the
peptide bond at a single intein/extein junction. Therefore, in
analyzing splicing data, it is important not to rely only on excision
as a measure of protein splicing.
As more genes are sequenced, it is likely that more inteins will

be discovered. We hope that this suggested nomenclature will
provide uniformity to the field and will prove useful as more
of these elements are found.
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